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Abstract
We study the properties of a quantum impurity embedded in a superconducting host of a d-wave symmetry. The
superconductor is described by the extended negative U Hubbard model while the impurity introduces a repulsive
interaction to the system around the central site. We discuss the influence of this repulsion on the local properties
(density of states, electron pairing and spontaneous current around the impurity) of the superconductor. We show
the condition of pi - like behaviour, defined as two subsystems having a phase difference of pi, in the system by using a
proper combination of attractive pairing bond interaction and repulsive one between electrons located at the impurity
and nearest neighbour sites.
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Impurities in superconductors (SC) has been a
subject of intensive theoretical and experimental
studies [1,2,3] recently. In case of a nonuniform
d-wave superconductor (surfaces, vortices, cracks,
twin boundaries or impurities) pi-phase jump in the
SC order parameter can be seen [4,5]. In this case
Josephson current becomes negative in contradic-
tion to the usual 0-phase junction. The situation
is similar in granular high-Tc materials which can
likely form network of microscopic pi-junctions [6]
between small regions with different phases of the
order parameter. In such systems the zero-energy
Andreev bound states, zero-bias conductance peaks,
paramagnetic Meisner effect and spontaneously
generated currents take place [4,5]. The situation
is also possible for paramagnetic impurities with
strong on-site Coulomb repulsion are placed in
classical s-wave superconductor [7,8,9]. Due to the
proximity effect the SC order parameter is created
on the impurity site but change its phase by pi.
The purpose of the present work to check if an
analogous solution is possible for an impurity with
a repulsive interaction embedded in a d-wave paired
superconductor.
Let us describe the system by the extended nega-
tive U Hubbard model [10] with the Hamiltonian:
H =
∑
ijσ
(tij − µδij) c
+
iσcjσ +
1
2
∑
ijσ
Uijniσnj−σ, (1)
where i, j label sites of a square lattice, tij = −t
is the hopping integral between nearest neighbour
sites and µ - chemical potential. Uij < 0 describes
attraction between electrons with opposite spins oc-
cupying neighbour sites i and j. The effect of impu-
rity is introduced in one of the lattice sites i = 0 via
repulsive interaction U0j > 0.
In the following we shall work in the Hartree-Fock
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Fig. 1. Quasiparticle density of states D(E) for a pure su-
perconductor ’1’, D(E) at the impurity site without electric
current around the impurity ’2’ and with current ’3’.
approximation dropping the Hartree terms, which
means that we have only anomalous part impurity
(in a paring potential ∆ij) induced disorder in the
system. So the corresponding Gorkov equation has
the form:
∑
j′

 (ω + µ)δij′ − tij′ ; ∆ij′
∆∗ij′ ; (ω + µ)δij′ + tij′

 Gˆ(j′, j;ω) = δij .(2)
In the zero temperature SC order parameter ∆ij
and the total local charge ni are given by self-
consistent relations:
∆ij ≡ Uijχij = −Uij
1
pi
Ef∫
−∞
dω ImG12(i, j;ω), (3)
ni = −2
Ef∫
−∞
dED(E) = −
2
pi
Ef∫
−∞
dω ImG11(i, i;ω),
where Ef denotes Fermi energy and D(E) de-
fines the quasiparticle density of states. Eqs. (2-3)
have been solved self-consistently at the two di-
mensional lattice using a recursion method [11].
Looking for the pairing amplitude at the impurity
site ∆0j , we assumed for simplicity that the sur-
rounding sites may be treated homogeneously as
in bulk (clean) superconcuctor. Calculations were
performed for interaction parameters: attractive for
a bulk Uij/t = −0.975, repulsive for an impurity
interactions U0j/t = 3.0 and a half filled system
(n = 1). In Fig. 1 the curve ’1’ corresponds to the
quasi-particle density of states for a pure supercon-
ductor ’1’ while ’2’ to the local density of states at
the impurity site with the pi phase change in ∆0j .
The density of states represented by the curve ’2’
shows two very close peaks located symmetrically
near Fermi energy (E = 0) signaling bound states
within the energy gap and the appearance of the
pi state. Applying an external magnetic field per-
pendicular to the surface, one can shift those states
away the zero energy (curve 3 in Fig. 1). The shift-
ing is proportional to vector potential A included
for a region close to the impurity through a Peierls
substitution [12,13]
tij → tij exp
−ie
~
rj∫
ri
A(r′)dr′. (4)
The applied magnetic field generates a current flow-
ing around the impurity.
Those preliminary results will be further checked
by a self-consistent calculations with respect to par-
ing amplitude ∆ij , current and the vector potential
in order to see if a spontaneous current will be gen-
erated in such a system [14].
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